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Abstract: Four distinct types of multiple emulsions were synthesized using xanthan gum and pectin
through two distinct manufacturing processes. The assessment encompassed the examination of mor-
phology, stability, and rheological properties for the resulting water-in-oil-in-water (W/O/W) double
emulsions. Formulations were meticulously crafted with emulsifiers that were compatible with
varying compositions. Remarkably stable multiple emulsions were achieved with a 0.5 wt% xanthan
concentration, demonstrating resilience for nearly two months across diverse storage temperatures.
In contrast, multiple emulsions formulated with a higher pectin concentration (2.75 wt%) exhibited
instability within a mere three days. All multiple emulsions displayed shear-thinning behavior,
characterized by a decline in apparent viscosity with escalating shear rates. Comparatively, multiple
emulsions incorporating xanthan gum showcased elevated viscosity at low shear rates in contrast
to those formulated with pectin. These results underscore the pivotal role of the stepwise process
over the direct approach and emphasize the direct correlation between biopolymer concentration and
emulsion stability. This present investigation demonstrated the potential use of pectin and xanthan
gum as stabilizers of multiple emulsions with potential application in the pharmaceutical industry
for the formulation of topical dosage forms.

Keywords: multiple emulsions; xanthan gum; pectin; stability; rheology; morphology; interaction
effects
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1. Introduction

Emulsions, consisting of two typically immiscible liquids, such as oil and water,
manifest as a composite with a continuous phase enveloping a dispersed phase. In this
intricate structure, non-soluble small droplets disperse within the continuous phase [1].

Emulsions are categorized based on the arrangement of the oil and aqueous phases,
with prevalent examples being oil-in-water (O/W) emulsions like mayonnaise, milk, cream,
soups, and sauces, or water-in-oil (W/O) emulsions found in margarine, butter, and
spreads [2]. A contemporary development involves the creation of multiple emulsions [3,4].
These complex multiphase structures, holding nonsoluble small droplets within a continu-
ous phase, have garnered substantial interest in the food, cosmetic, and pharmaceutical
industries [5,6]. Double emulsions, despite being thermodynamically unstable, are integral
to this innovation, often relying on synthetic surfactants for stabilization [7–9]. The two
principal categories of multiple emulsions are water-in-oil-in-water (W1/O/W2) and oil-
in-water-in-oil (O1/W/O2) double emulsions [10,11]. While the first report of a W/O/W
multiple emulsion dates back to 1925 by Seifriz [12,13], it is only in the last fifty years
that their diverse applications have been explored. Currently, these systems have varied
applications in several domains, especially the pharmaceutical field, for the administration
of various therapeutic molecules. Herbert [14] emerged as a pioneer in 1965, utilizing
multiple emulsions for the controlled release of drugs in pharmaceuticals [15,16]. Double
emulsions can be used for the encapsulation of drugs like vitamins [17], vaccines [18], or
even certain bioactive compounds extracted from plants [19]. The conception and develop-
ment of hydrophilic drug distribution systems is an ongoing process in pharmaceutical
research. Multiple emulsions, especially W/O/W emulsions, are admirable candidates
for the controlled and sustained release of such drugs [20]. The release of a water-soluble
drug from the multiple W/O/W emulsions occurs by a mechanism of swelling followed
by a breakdown of the oil globules, in which the lipophilic surfactant is a decisive factor,
and the increasing of lipophilic surfactant concentration causes amelioration instability
of the multiple emulsions [20]. The main advantage of such systems is that they increase
the solubility and bioavailability of therapeutic drugs as well as the ability to favor the
topical transport of hydrophilic drugs. Multiple emulsions are used as an alternative to
liposomes as a delivery system. In addition, W/O/W emulsions are generally employed
for intravenous routes for the administration of vaccines or other ingredients like anticancer
drugs [21,22]. Double emulsions drug delivery systems were used to enhance the intestinal
permeability of drugs classified under the Biopharmaceutics Classification System (BCS)
class III, which exhibit high solubility and low permeability like zanamivir, a hydrophilic
antiviral drug. The permeability of such drugs was enhanced by dissolving the drug in
the inner aqueous phase and increasing its lipophilicity through the oil phase [23]. In
cancer therapy, W/O/W emulsions were used for the encapsulation of Rhodamine B in the
treatment of brain cancer glioblastoma multiforme (GBM). The encapsulation of the drug
in the internal droplets of emulsions leads to low cytotoxicity and allows the creation of a
patient-friendly drug delivery system [24]. Wang et al. demonstrated the higher encapsu-
lation efficiency of resveratrol in w/o/w emulsions Compared with liposomes and lipid
nanoparticles. A possible reason is that W/O/W emulsions have two oil-water interface
films, which provide better protection to the resveratrol core [10]. The encapsulation of
5-FU (a strong chemotherapeutic drug) into double emulsions allowed a decrease in skin
cancer cell multiplication and greater cell viability compared to the pure 5-FU formula-
tion [25]. Furthermore, the double emulsion method enabled the simultaneous loading of
hydrophilic and lipophilic drugs, as reported by Lee et al., where hydrophilic doxorubicin
and hydrophobic erlotinib were encapsulated in a W/O/W system. They demonstrated
that this system allowed a fast cellular uptake and successful tumor suppression by the
retention of more doxorubicin molecules inside tumor cells, which was also observed [26].

The stabilization of multiple emulsions commonly involves the synergistic use of
hydrophilic and hydrophobic surfactants [27–29]. Surfactants with a low Hydrophilic
Lipophilic Balance (HLB) are employed to stabilize the internal emulsion [30], while those



ChemEngineering 2024, 8, 34 3 of 21

with a high HLB are employed for the outer emulsion [6]. In the pharmaceutical and
cosmetic industries, chemical synthesis products are prevalent emulsifiers and stabiliz-
ers [31,32]. However, these synthetic surfactants are often used conventionally and may
pose potential irritations. Addressing the growing preference for natural and biodegradable
products, there is a growing interest in replacing these synthetic surfactants with more
natural molecules, aligning with the contemporary trend outlined by K. Ezzroug (2019) [33].
Polysaccharides, primarily hydrophilic polymers, are commonly utilized in emulsion for-
mulation due to their stabilizing properties [34,35]. They enhance the viscosity of the
aqueous continuous phase [36] or induce gelation [37]. Despite their typically low surface
activity, certain polysaccharides exhibit surface activity and can stabilize emulsions by ad-
sorbing at the liquid-liquid interface. Well-known examples include Arabic gum, acetylated
beet pectin, and modified starch, subject to recent studies [38,39]. In contrast to traditional
surfactants, polymers introduce strong steric repulsion between droplets, facilitating emul-
sion stabilization at low emulsifier concentrations over extended periods [40,41]. Moreover,
their higher molecular mass generally renders them less toxic than surfactants [15]. Sta-
bilization by biomolecules involves interaction with hydrophobic surfactants, forming a
complex film that fortifies the elastic interface, thereby impeding breakage [42]. This film
enhances mechanical resistance and diminishes coalescence through steric hindrance [43].
Four conventional processes are used for the manufacture of multiple emulsions [15].
The most common and most often used is the two-step process [44]. In addition, studies
show that it is possible to formulate multiple emulsions with good long-term stability
in a single emulsification step (direct process) using a single emulsifier of the particle or
amphiphilic copolymer type [45–50]. Therefore, Emulsions can be kinetically stable over
a long period, which determines their lifespan. This stability can be achieved either by
surfactant molecules, colloidal particles, or using natural polymers (biopolymers). It is this
last approach that we have chosen to develop in this work.

The chosen polysaccharide is xanthan gum, a biological macromolecule derived from
Xanthomonas campestris. Widely applied in food products, this anionic polysaccharide
boasts distinctive physical attributes such as viscosity and pseudo-plasticity, along with
chemical properties like water solubility and pH stability [51,52]. In emulsions, it serves
as a crucial thickening and stabilizing agent [53,54]. Despite its non-adsorptive nature
at interfaces, xanthan gum effectively impedes creaming by modifying the rheological
characteristics of the continuous phase [36,55]. This polysaccharide demonstrates com-
mendable stability against variations in temperature, pH, salts, and enzymatic degradation.
Typically incorporated into the aqueous phase, it enhances the stability of oil-in-water
(O/W) emulsions by forming a robust three-dimensional gel-like network within the
aqueous medium [56].

Similar to xanthan gum, pectin is a high-molecular-weight heteropolysaccharide
extensively employed as a thickening, emulsifying, and stabilizing agent in the food
and pharmaceutical industries [57]. Pectin creates a pseudo-viscous solution with water,
solidifying upon boiling [55,58].

This study was undertaken with the principal objective of delving into the intricate
dynamics governing the stability of multiple emulsions. Specifically, the investigation
centered on double emulsions of the water-in-oil-in-water (W/O/W) variety, where the sta-
bilization was orchestrated through the incorporation of xanthan gum and pectin. Notably,
the study sought to discern the nuanced influence of polysaccharide concentration on the
overall stability of these emulsions. The rigorous stability assessment of the meticulously
prepared double emulsions spanned a comprehensive timeframe of three months, exposing
them to diverse storage temperatures to capture a holistic understanding of their endurance
under varied conditions. Complementing this temporal evaluation, an exhaustive rheologi-
cal study was systematically executed for each formulated composition, offering insights
into the emulsions’ dynamic properties. In conjunction with these analytical approaches,
microscopic analyses were intricately performed on the distinct formulations. This multi-
faceted methodology aimed to provide a thorough and enriched exploration of the stability
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mechanisms governing W/O/W double emulsions, offering valuable insights into their
rheological behavior and microscopic morphology.

This study introduces a significant innovation in the preparation and characteriza-
tion of multiple emulsions, specifically water-in-oil-in-water (W/O/W) emulsions, using
two different biopolymers, xanthan gum, and pectin, along with two distinct manufac-
turing processes. The study comprehensively evaluates the morphology, stability, and
rheological properties of these four types of W/O/W emulsions, formulated with compati-
ble emulsifiers. One of the key findings of this research is the successful creation of highly
stable multiple emulsions employing a 0.5% weight concentration of xanthan gum, which
maintained its stability for approximately two months at varying storage temperatures.
Conversely, emulsions prepared with a higher concentration of pectin (2.75% weight) exhib-
ited signs of instability within just three days. Additionally, all multiple emulsions in the
study exhibited shear-thinning behavior, wherein their apparent viscosity decreased with
increasing shear rate. Notably, emulsions containing xanthan gum displayed the highest
viscosity at low shear rates compared to those with pectin. Moreover, this study under-
scores that the stepwise manufacturing process is more suitable than the direct process, and
it highlights the direct influence of biopolymer concentration on emulsion stability. These
findings hold substantial promise for enhancing emulsion formulation and stability, with
potential implications across various industries, including the food and pharmaceutical sec-
tors. The study’s insights into optimizing multiple emulsion composition and production
processes provide valuable contributions to this field of research.

2. Materials and Methods
2.1. Materials

The organic phase, composed of vaseline oil, was thoughtfully sourced from a local
supermarket in Algeria, imparting a regional touch to the composition. The lipophilic sur-
factant employed, Sorbitan Monolaurate (Span 60) with an HLB of 4.3, and the hydrophilic
surfactant (Tween 80 with an HLB of 15), were supplied by the esteemed Sigma-Aldrich,
ensuring high-quality standards. The food-grade xanthan gum, sourced from Rhodia
(Algeria), adds a crucial functional dimension to the formulation. Regarding the thickening
agent, pectin, selected for its unique properties (a notably high degree of esterification,
between 70 and 75%), was also provided by Rhodia, introducing a specific aspect to emul-
sion stabilization. Quality ingredients, such as sodium hydroxide (NaOH) and magnesium
sulfate heptahydrate (MgSO4·7H2O), were meticulously chosen from Prolabo in France, en-
suring the reliability and consistency of experimental results. This meticulous approach in
selecting components reflects a commitment to scientific excellence throughout this study.

2.2. Analytical Methods

The meticulous examination of emulsion properties was carried out using cutting-edge
instrumentation. The LF 191 conductometer from WTW, Germany, was employed with
precision to gauge emulsion conductivity. pH measurements were executed using the
state-of-the-art Mark Metrhom AGCH-9100 Hrisan pH meter, ensuring accuracy in the as-
sessment. To unravel the intricate microstructure of the scrutinized emulsions and validate
their multiplicity, a crucial role was played by the optical microscope (Olympus® BX50,
Olympus Optical, Tokyo, Japan), seamlessly connected to a camera and offering an impres-
sive ×1000 enlargement for a detailed analysis. Additionally, the viscosity analysis was
conducted using the Bohlin Visco 88 from Malvern Instruments, which is equipped with
a rotating mobile component for nuanced measurements. Simultaneously, the estimation
of particle size distribution was accomplished through the sophisticated utilization of
ImageJ software (version 1.52a), demonstrating a holistic and multifaceted approach to
comprehensively characterize the diverse properties of the emulsions.
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3. Results
3.1. W/O/W Multiple Emulsions Formulation Using the Stepwise Process

This method represents the most prevalent, straightforward, and easily graspable
approach in the realm of emulsion preparation. The preparation of multiple emulsions
took place through a two-step procedure, which is a method consistently advocated by
various authors in the field. In the initial stage, a primary water-in-oil (W/O) emulsion
was meticulously formulated. Following this, in the subsequent step, the primary emulsion
underwent dispersion into an aqueous solution. The development of the foundational W/O
emulsion entailed the careful introduction of an aqueous phase (Phase B) into the oil phase
(Phase A), culminating in the creation of a sophisticated multiple water-in-oil-in-water
(W/O/W) emulsion.

3.1.1. Primary Emulsion (W/O) Formulation

The procedure commenced by elevating the temperature of the aqueous phase, which
included the salt and the oily phase, hosting the lipophilic surfactant, to 75 ◦C to ensure
complete solubility. Post-cooling, a meticulous blending process ensued, with the gradual
infusion of the aqueous phase into the oily phase achieved through a homogenizer operat-
ing at 11,000 rpm. This controlled integration method facilitated the creation of various
formulations, each meticulously detailed in Table 1 for comprehensive reference.

Table 1. Composition of the formulated primary emulsions.

Composition Formulation

F1 F2 F3 F4

Vaseline oil (%) 26.8 24 23 24

Span 60 (%) 0.5 3 4 5

MgSO4 (%) 0.7 0.7 0.7 0.7

distilled water (%) 72 72.3 72.8 70.3

Results

Macroscopic PS H H H

pH / 6.27 6.33 6.13

Conductivity (µs/cm) / 3.40 2.80 3.10

Centrifugation
(trs/min) For 5 min

2000 / + + +

4000 / + + +

6000 / − + +

Aspect
Shine, oily, homogeneous; medium consistency.
Low spread with lubrication of the skin.
Difficult cleaning.

PS: Phase Separation; H: Homogeneous; −: Slight separation; +: stable.

Characteristics of Primary Emulsions Formulated

• Physico-chemical characterization

The immediate visual examination of all formulated compositions yielded valuable
insights into their macroscopic characteristics right after preparation. A noteworthy ob-
servation was the immediate phase separation in the case of the first formulation (F1).
However, for formulations F2, F3, and F4, a nuanced interplay emerged, highlighting the
substantial influence of the lipophilic surfactant and the oily phase proportions on the
resulting emulsions. It was particularly intriguing to observe that a higher concentration
of the lipophilic agent (3–5%) coupled with a lower proportion of the oily phase (24%)
led to a discernible enhancement in emulsion consistency. This phenomenon can be ra-
tionalized by the intricate interplay of surfactant molecules with the water-in-oil (W/O)
interface, covering the entire interfacial film. The heightened concentration of the lipophilic
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agent contributed to increased rigidity in the interfacial film, thereby elevating emulsion
consistency. Conversely, as the oil amount increased while maintaining the same concentra-
tion of the lipophilic agent, a reduction in consistency ensued, resulting in a less viscous
system. In this context, the lower concentration of surfactant molecules on the interfacial
film, owing to the expanded interface, led to diminished stiffness in the interfacial film
and, consequently, reduced emulsion consistency. Furthermore, the observation that the
pH value remained relatively constant across formulations underscores its resilience to
variations in the concentration of emulsion constituents.

The identification of emulsion type (W/O or O/W) can be carried out through three
distinct methods: washability with water, the dye method, and conductimetry, with the
latter being the most commonly employed and considered as the standard. Conductimetry
involves measuring the conductivity of the continuous phase, where an aqueous phase
containing an ionic surfactant typically exhibits a conductance greater than or equal to 1 mS,
while that of a lipophilic phase approaches zero [44]. The determination of the emulsion
type is further confirmed when the emulsion floats on water, signifying its classification
as W/O. This is substantiated by consistently low conductivity measurements across all
emulsions, indicating the oily phase as the continuous phase.

Moreover, the stability of the emulsion was scrutinized in both real-time and accel-
erated time. Real-time measurements involved monitoring the dispersion’s endurance
under standard storage conditions to observe its natural aging. Conversely, the accelerated
time study subjected the solution to stress conditions (temperature variations, centrifugal
acceleration, etc.) to expedite the observation of demixing [44]. The centrifugation results
for formulations F2, F3, and F4 demonstrate the absence of instability phenomena at various
speeds, except for formulation F2, which exhibits slight separation at high rotation speeds
(6000 rpm).

• Viscosity study

Variation of viscosity as a function of shear rate has been studied η = f (
.
ε). The

expression of the shear rate is the same as that of a coaxial cylinder rheometer, with an
infinite radius of the outer cylinder (Re) [59].

The formula for shear rate (
.
ε) as the following relation gives a function of speed

of rotation:
.
ε
(

S−1
)
=

Ri
Re − Ri

× ω0 (1)

Or Re → ∞
.
ε
(

S−1
)
=

Ri
Re

× ω0 (2)

with ω0: rotation mobile speed.
The viscosimetric study presented in Figure 1 reveals an inverse relationship between

viscosity and shear rate. Consequently, it can be deduced that the primary emulsions
formulated (F2–F4) exhibit non-Newtonian behavior characteristic of pseudo-plastic and
shear-thinning fluids.

Shear thinning behavior is a desired characteristic in the pharmaceutical field, both to
facilitate the administration and packaging of these systems, because this character allows
the characteristics of the product to be preserved after use or processing (packaging in
the form of a tube, box, or bottle). This pseudo-plastic character is also interesting, on
the one hand, for the conservation and reuse of multidose forms, as this behavior will
keep the formulation stable after use, where it always recognizes its initial form after
solicitation. On the other hand, shear thinning systems are easily spreadable, especially in
topical formulations when applied to the skin or in contact with mucous membranes, like
ocular mucosa [60,61].
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• Microscopical (morphological) study

The obtained optical microscopy images for different formulations (F2, F3, and F4)
were produced using optical microscopy with an enlargement (×1000) endowed with a
photomicrograph (Figure 2).
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Figure 2. The size distribution of particles in the primary emulsion (F3 and F4) was determined
through analysis of optical microscopy images.

Upon a meticulous microscopic examination, the primary emulsions reveal a distinc-
tive dispersion pattern of aqueous globules within the oily phase, a pattern influenced by
the proportion of the lipophilic agent. Notably, a higher quantity of the lipophilic agent re-
sults in a finer dispersion, contributing to the formation of a more rigid and stable emulsion.
Conversely, an increase in the lipophilic agent, coupled with a rise in vaseline oil content,
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produces a more rigid film with fewer dispersed globules. Nevertheless, this adjustment
results in a stable yet less rigid emulsion. The observable particle size becomes more
pronounced, highlighting the varied diameters of globules formed due to the emulsion’s
unique consistency. Furthermore, the average diameter of the emulsions formulated as F3
and F4 was precisely measured using ImageJ software, yielding results of approximately
(13.0 ± 0.7) µm for F3 and (07.00 ± 1.75) µm for F4. In the realm of emulsions, a common
challenge surfaces in the form of droplet aggregation, often leading to a substantial increase
in emulsion viscosity. This rapid creaming phenomenon is attributed to alterations in
droplet size and droplet size distribution, which, in turn, affect the emulsion’s rheology by
modifying interactions and dispersed-phase volume fraction. However, it’s important to
note that for dilute emulsions, droplet size exerts no significant effect on viscosity in the
absence of long-distance attractive or repulsive interactions between the droplets [62–65].

3.1.2. Formulation and Characterization of Multiple Emulsions W/O/W Stabilized by
Xanthan Gum

The precise formulation of primary emulsions (W/O) followed by a comprehensive
battery of characterization tests has pinpointed formulation (F4) as the optimum primary
emulsion for integration into the composition of the multiple emulsion (W/O/W). This
choice is anchored in its outstanding stability and fine dispersion, setting it apart as a
superior candidate among the array of emulsions evaluated. The creation of a multiple
W/O/W emulsion involves encapsulating the chosen primary emulsion (W/O) within an
external aqueous phase. To facilitate this, xanthan gum is pre-dissolved in the aqueous
phase through gentle stirring, a step initiated 24 h prior to actual use. Subsequently, the
hydrophilic surfactant (Tween 80) is introduced into the aqueous phase. Throughout this
process, a delicate stirring approach (approximately 500 rpm) is employed to prevent
the rupture of the primary emulsion. Simultaneously, the primary emulsion is gradually
incorporated over a 15-min duration at room temperature.

Comprehensive details regarding the various formulated systems are meticulously
outlined in Table 2.

Table 2. Composition of the formulated multiple emulsions based on xanthan gum.

Composition (%)
N◦ Formulation

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10

Primary Emulsion 40 60 40 40 60 40 60 60 60 53.33

Tween 80 0.1 0.1 0.5 0.1 0.1 0.5 0.5 0.5 0.366 0.5

Xanthan Gum 0.5 0.5 0.5 1.5 1.5 1.5 1.5 0.833 0.5 0.5

Distilled water QSP QSP QSP QSP QSP QSP QSP QSP QSP QSP

Observation H H H H H H H H H H

pH 6.48 6.53 6.51 5.74 6.19 5.77 6.10 5.39 6.17 6.29

Conductivity (ms/cm) 1.82 1.26 2.2 1.82 1.84 1.82 2.15 1.68 1.94 1.63

Macroscopic Properties
Milky,

Homoge-
neous

Medium
consis-
tency

Hight
consis-
tency

Hight
consis-
tency

Hight
consis-
tency

Hight
consis-
tency

Hight
consis-
tency

Medium
consis-
tency

Milky,
Homoge-

neous

Milky,
Homoge-

neous

Encapsulation rate (%) 75.1 77.6 80.1 82.6 76.4 72.7 87.5 92.5 88.8 90.0

QSP: Sufficient Quantity.

Characterizations of Multiple Emulsions Formulated

• Physico-chemical characterizations

The macroscopic analysis involves visually examining the appearance of the formu-
lated emulsions (F1–F10) with the naked eye. It becomes apparent that the consistency of
the emulsions is intricately linked to the proportion of the biopolymer; a lower amount of
xanthan gum results in a less viscous emulsion, while a higher amount increases viscosity.
pH measurements reveal varying acidic values, reflecting the acidity of the xanthan gum
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integrated into the emulsions. It is noteworthy that emulsions with acidic pH have been
neutralized (pH ≈ 7) with NaOH (10%) for improved preservation. Furthermore, the pH
value of the emulsion plays a pivotal role in its preservation and determines potential
incompatibilities with other components, such as active ingredients and excipients. pH can
alter the solubility of an excipient and change its electrical state. Generally, an excipient
in its neutral form is less irritating than in its ionized form. Ensuring the optimal pH of
the emulsion is crucial to maintaining the excipient in its neutral form. The pH is also
a critical parameter that requires adjustment based on the route of administration. For
example, certain dosage forms like emulsions for ophthalmic use necessitate a specific pH
closely aligned with the physiological pH of the administration site. Similarly, conductivity
measurements indicate that the external phase of all the formulated multiple emulsions
is an aqueous phase (current-conducting phase) with high electrical conductivity values,
reaching up to 2.2 mS/cm. This confirms the dispersion of the primary emulsion in water,
resulting in a W/O/W type system.

This result is in agreement with the value cited in the literature for a W/O/W type
emulsion, which is of the order of 2.8 mS/cm [66].

On the other hand, the rate encapsulation of the formulated systems was achieved by
an assay of MgSO4·7H2O initially incorporated into the internal aqueous phase directly
on the multiple emulsion using a chemical method (Compléxometric), and the yield was
calculated by the relation:

T(%) =
T0 − T1

T0
(3)

Degree encapsulation of the various emulsions formulated varied between 72% and
92%, which means that the primary emulsion is actually encapsulated in the external phase.

• Stability at different storage temperatures

All multiple emulsions formulations (F1–F10) were subjected to stability tests at
different temperatures (4 ◦C, 25 ◦C, and 40 ◦C); the results are presented in the figure
(Figure 3).
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An in-depth analysis of the provided figure underscores the notable stability exhibited
by formulations F4 and F6 over a three-month period at various storage temperatures.
Notably, these two formulations share a commonality in containing the same concentration
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of primary emulsion (40%) and xanthan gum (1.5%). On the contrary, formulations F2, F8,
and F9, characterized by a reduced concentration of the primary emulsion (60%), manifest
instability phenomena after 2 months at 25 ◦C and 4 ◦C, and after 45 days at 40 ◦C. This
highlights the pivotal role of an increased amount of the gelling agent in the external phase,
enhancing the stability of multiple emulsions by elevating the viscosity of the continuous
phase and facilitating the formation of aggregates through macromolecule adsorption
on neighboring particle surfaces. Subsequently, these aggregates are linked together by
hydrocarbon bridges.

It is crucial to emphasize that the influence of the concentration of the lipophilic
surfactant on stability surpasses that of the hydrophilic surfactant. This is primarily
attributed to the former’s integral role in sustaining the stability of the primary emulsion
and contributing to the increased rigidity of the second interface.

• Viscosity study

The increase in the shear rate of all formulations (F1–F10) leads to a gradual decrease in
viscosity (Figure 4). This confirms that all the formulations obtained are of non-Newtonian
pseudo-plastic fluid type with a shear-thinning character.

ChemEngineering 2024, 8, x FOR PEER REVIEW 12 of 24 
 

 
Figure 4. Variation in apparent viscosity as a function of shear rate of xanthan gum based multiple 
emulsions. 

The comprehensive analysis of Figure 4 illuminates a consistent trend where the ap-
parent viscosity decreases with an escalating shear rate, indicative of the shear-thinning 
behavior exhibited by the formulated emulsions. This pseudo-plastic behavior, inherent 
in polymers with long chains, can be elucidated as follows: under rest or weak constraints, 
molecular chains are arranged randomly and entangled. With an increasing shear rate, 
these chains align and disperse in the direction of the force, resulting in a subsequent re-
duction in apparent viscosity. 

Significantly, the rheological behavior of the obtained emulsions is notably respon-
sive to the concentration of the biopolymer. Apparent viscosity values exhibit discernible 
variations in direct correlation with changes in polysaccharide concentration. Specifically, 
at low shear rates, an augmentation in xanthan gum (XG) concentration corresponds to 
higher apparent viscosity values. It is pivotal to underscore that the viscosity of double 
emulsions intricately ties into that of the outer phase, itself influenced by the concentration 
of XG. The observed robust stability in these intricate systems can be a ributed to the 
heightened concentration of XG [8]. 
 Microscopic study 

The microscopic analysis of the formulated emulsions vividly reveals the presence of 
multiple emulsions, showcasing a diverse array of internal aqueous globules. The distinct 
micrographs presented in Figure 5 offer a clear delineation of the interfacial films formed 
by both the primary and secondary emulsifiers, providing valuable insights into the intri-
cate structure of these emulsion systems. 
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emulsions.

The comprehensive analysis of Figure 4 illuminates a consistent trend where the
apparent viscosity decreases with an escalating shear rate, indicative of the shear-thinning
behavior exhibited by the formulated emulsions. This pseudo-plastic behavior, inherent in
polymers with long chains, can be elucidated as follows: under rest or weak constraints,
molecular chains are arranged randomly and entangled. With an increasing shear rate,
these chains align and disperse in the direction of the force, resulting in a subsequent
reduction in apparent viscosity.

Significantly, the rheological behavior of the obtained emulsions is notably responsive
to the concentration of the biopolymer. Apparent viscosity values exhibit discernible
variations in direct correlation with changes in polysaccharide concentration. Specifically,
at low shear rates, an augmentation in xanthan gum (XG) concentration corresponds to
higher apparent viscosity values. It is pivotal to underscore that the viscosity of double
emulsions intricately ties into that of the outer phase, itself influenced by the concentration
of XG. The observed robust stability in these intricate systems can be attributed to the
heightened concentration of XG [8].

• Microscopic study

The microscopic analysis of the formulated emulsions vividly reveals the presence of
multiple emulsions, showcasing a diverse array of internal aqueous globules. The distinct
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micrographs presented in Figure 5 offer a clear delineation of the interfacial films formed by
both the primary and secondary emulsifiers, providing valuable insights into the intricate
structure of these emulsion systems.
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Figure 5. Optical microscopy images of the formulas of multiples emulsion W/O/W were obtained
by a stepwise process.

As a result, the emulsions formulated exhibit a distinct multiple emulsion structure.
Notably, the increase in the quantity of the primary emulsion is directly associated with
a heightened number of encapsulated globules, as observed in formulations F2 and F5.
Additionally, it becomes apparent that an elevated concentration of the hydrophilic agent
correlates with an increased abundance of globules, as evidenced in formulations F3 and
F7. This observation enriches our understanding of the intricate relationship between
formulation components and the resulting emulsion morphology.

3.1.3. Formulation and Characterization of Multiple W/O/W Emulsions Stabilized
by Pectin

The same procedure was considered for the case of Xanthan gum (Section 3.1.2),
where xanthan is replaced by pectin. Table 3 summarizes the composition of the various
formulations prepared.

Table 3. Composition of the formulated multiple emulsions stabilized with pectin.

Composition (%)
N◦ Formulation

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10

Primary Emulsion 60 40 60 40 60 40 60 50 50 50

Tween 80 0.1 0.2 0.2 0.15 0.15 0.15 0.15 0.1 0.2 0.15

Pectin 2.75 2.75 2.75 0.5 0.5 5 5 0.5 5 2.75

Distilled water QSP QSP QSP QSP QSP QSP QSP QSP QSP QSP

Observation H H H H H H H PS H H

pH 6.48 6.53 6.51 5.74 6.19 5.77 6.10 / 6.47 6.49

Conductivity (ms/cm) 1.82 1.26 2.2 1.82 1.84 1.82 2.15 / 1.49 1.63

macroscopic
properties

Milky,
Homoge-

neous.

Medium
consis-
tency

Medium
consis-
tency

Milky,
Homoge-

neous

Milky,
Homoge-

neous

High
consis-
tency

High
consis-
tency

Sepa-
ration
Phase

High
consis-
tency

Medium
consis-
tency

Encapsulation rate (%) / / 70.23 / / 72.71 69.79 / 60.3 /
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Characterizations of Multiple Emulsions Formulated

• Physico-chemical characterizations

The initial assessment of emulsion quality involves a macroscopic examination, of-
fering insights into visual characteristics like appearance, consistency, and homogeneity.
The specific results for different formulations (F1–F10) are elaborated in Table 3. Signifi-
cantly, the measured pH values point to an acidic pH, attributed to the acidic nature of
the included pectin. This aligns with the high conductivity values observed across all
formulations, confirming the aqueous continuous phase and classifying them as W/O/W
type emulsions.

In addition, formulations F3, F6, F7, and F9 showcase notable stability, lasting for
almost one (01) month at 4 ◦C and 25 ◦C and for 15 days at 40 ◦C. These formulations stand
out for their substantial content of primary emulsion (>40%) and a high concentration of
pectin (5%). On the contrary, other formulations exhibit instability phenomena, typically
within a maximum of 3 days. Interestingly, the consistently superior stability observed
during cold storage holds true for all tested emulsions, as depicted in Figure 6. This enriched
understanding contributes to a more comprehensive evaluation of emulsion performance.
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The stability study also showed that the stability of the double emulsions formulated
with xanthan is more stable than that of those formulated and stabilized with pectin.
These findings may be explained as follows: On the one hand, pectin is subjected during
thermal processing to degradation due to the acceleration of depolymerization reactions
(acid hydrolysis, β-elimination, and demethoxylation), which is one of the main causes
of texture deterioration. Furthermore, when the pectin is heated, the sensitivity of each
single chain to depolymerization depends on its degree of methoxylation, which leads
to the fact that some chains are degraded while others remain unaffected [67,68]. On the
other hand, Due to its higher molecular weight and branched structure, the xanthan gum
could reduce the interfacial tension and tend to form a cohesive interfacial film around the
emulsion droplets by improving the viscosity of the external phase, thus improving the
stability of the system [61]. In solution, the Xanthan molecule exists as a rod-like fivefold
helical ordered conformation. This macromolecule is well-known to present a reversible
conformational transition (helix–coil) under conditions of elevated temperatures and low
ionic strength, where the helical structure may be converted to a coil conformation with
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a lower viscosity [69]. The midpoint of this transition™ has been quoted by Craig et al.,
1997, as being in the region of 55–70 ◦C. Native GX solution progressively undergoes the
order/disorder transition from a partially ordered random broken helix to a disordered
random coil conformation at this temperature. Therefore, at 25 ◦C, the XG exists in the
form of single chain helical conformation, while at the temperature of 45 ◦C, the gx partly
retained its ordered double helix conformation but was not completely destructured. This
leads to a drop in viscosity and not to complete destructuration. Then, at the temperature
of 45 ◦C, the XG solution becomes less viscous, leading to slightly reduced stability [70,71].

In fact, keeping fresh is a condition found on the labels of emulsions, which allows
them to be stored longer. Decreased instability is observed at high temperatures, explained
by Stok’s law: in addition, the rise in temperature decreases the viscosity, which leads to an
increase in the speed of sedimentation or creaming. Likewise, the yield encapsulation for
stable formulations exceeds 60%, which is significant that about 60% of primary emulsion
is encapsulated in the external phase.

Furthermore, the presence of xanthan gum and pectin increases the resistance of emul-
sions to flow by increasing their viscosity. At elevated storage temperatures, pectin under-
goes a depolymerization phenomenon, and xanthan undergoes a sol-gel transition [70,71].
However, at cold temperatures (4 ◦C) and moderate ambient temperatures (25 ◦C), the
viscosity of the emulsions increases. This implies that a firm structure is formed to over-
come the Brownian motion, and thus, a larger disruptive force is needed to make the
formulation flow.

• Viscosity study

The variation in the apparent viscosity as a function of the shear rates of the formulated
emulsions is shown (Figure 7), indicating that all emulsions tested are of the non-Newtonian
type (shear thinning).
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• Microscopical Study

The observation of different optical microscopy images shows the presence of a multi-
ple emulsion in most of the formulations obtained (Figure 8).

Figure 8 shows the presence of multiple globules as well as other simple ones; the
reason is not clear but can be justified by the bursting of a few globules under the effect of
intense agitation.
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Figure 8. Optical microscopy images of the formulas of multiples emulsion W/O/W obtained by
stepwise process.

3.2. Formulation and Characterization of Multiple W/O/W Emulsions Stabilized by Xanthan
Using the Direct Process
3.2.1. Formulation Procedure

This intricate process, conducted at 25 ◦C with a rotational speed of 15,000 rpm,
involves the meticulous blending of equal parts of the aqueous phase—containing a small
quantity of hydrophilic emulsifying agent—and the oily phase, enriched with a substantial
amount of lipophilic emulsifying agent. In our specific application, the aqueous phase
comprises distilled water, incorporating Tween 80 as the hydrophilic surfactant, while the
oily phase consists of vaseline oil, with Span 60 serving as the lipophilic surfactant. The
diverse formulations resulting from this process are detailed in Table 4.

Table 4. Experimental matrix of different formulas obtained by direct process stabilized with XG.

Composition (%)
N◦ Formulation

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10

Vaselin oil 20 10 20 20 10 10 20 13.33 13.33 15

Span 60 3 1 3 3 1 1.66 1 1 3 2

Xanthan Gum 0.5 0.5 0.5 1.5 1.16 1.5 0.833 1.5 0.5 1

Tween 80 0.1 0.5 0.5 0.5 0.1 0.5 0.1 0.1 0.1 0.3

MgSO4·7H2O 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7

Distilled water QSP QSP QSP QSP QSP QSP QSP QSP QSP QSP

Observation H H H H H H H H H H

pH 6.29 6.24 6.48 5.96 6.15 6.06 6.24 6.11 6.6 6.18

Conductivity (ms/cm) 2.61 3.7 2.16 1.2 1.4 2.4 1.8 1.3 2.4 2

3.2.2. Characterization of Multiple W/O/W Emulsions

The comprehensive assessment of the formulations’ macroscopic appearance reveals
a generally homogeneous aspect, except for emulsions F4, F6, and F8, which exhibit
heightened consistency. The pH values across the emulsions (F1–F10) indicate acidity



ChemEngineering 2024, 8, 34 15 of 21

attributable to the presence of xanthan gum. Meanwhile, elevated conductivity values
affirm the aqueous nature of the continuous phase, confirming the W/O/W classification.

Examining the stability over 30 days at various storage temperatures (4 ◦C, 25 ◦C, and
40 ◦C) emphasizes the crucial role of xanthan gum in the external phase for stability. As a
viscosifying agent, xanthan contributes to increased system rigidity.

Additionally, the presence of a high concentration of lipophilic surfactant, particularly in
emulsions rich in Span 60, extends the stability duration. This is attributed to Span 60 reinforcing
rigidity in the interfacial film, thereby enhancing overall emulsion stability.

The viscosity evolution in relation to the shear rate for all formulations is visually
depicted in Figure 9.

Figure 9 provides insights into the rheological behavior of the formulated emulsions
(F1–F10), revealing a pseudo-plastic, non-Newtonian fluid type.

The morphological examination, as depicted in Figure 10, distinctly showcases the
dispersion of internal globules characterized by a relatively uniform size. The quantity
of these globules varies in direct correlation with the concentration of each constituent,
offering a visual representation of the emulsion’s internal structure.
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3.3. Formulation and Characterization of Multiple W/O/W Emulsions Stabilized by Pectin Using
Direct Process

As previously mentioned (Section 3.2), multiple emulsions of W/O/W type, stabilized
by pectin, were obtained by direct process, and the various formulations produced are
presented in Table 5.

Table 5. Experimental matrix of different formulas obtained by direct process stabilized with Pectin.

Composition (% )
N◦ Formulation

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10

Vaselin Oil 15 20 15 20 15 15 15 15 15 20

Span 60 3 3 3 2 3 2 2 2 1 2

Pectin 0.5 2.75 2.75 2.75 5 5 5 2.75 5 0.5

Tween 80 0.2 0.2 0.3 0.1 0.2 0.1 0.3 0.2 0.2 0.2

MgSO4·7H2O 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7

Distilled water QSP QSP QSP QSP QSP QSP QSP QSP QSP QSP

Observation PS PS H PS H H H PS H PS

pH / / 5.91 / 5.66 5.44 5.30 / 5.11 /

Conductivity (ms/cm) / / 2.9 / 3.2 2.5 3.5 / 3 /

Characterization of W/O/W Multiple Emulsions

The formulated emulsions (F3, F5, F6, F7, and F9) present a uniform and consistent
appearance, distinct from emulsions (F1, F2, F4, F8, and F10) that exhibit immediate phase
separation. This observed separation is likely linked to the quantity of the stabilizing agent
(pectin), suggesting that the presence of pectin mitigates instability phenomena in the
formulated emulsions.

The visually consistent formulations (F3, F5, F6, F7, and F9) display heightened
conductivity values, clearly indicating that the continuous phase is aqueous, affirming their
classification as W/O/W type emulsions. Moreover, the observed acidity of pectin aligns
with the measured low pH values.

Microscopic examination offers valuable insights into the obtained systems, enabling the
observation of their stability over time. The provided microscopic images (Figure 11) vividly
illustrate the multiplicity of globules, confirming the formulation of multiple emulsions.
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The viscosity study shows that apparent viscosity decreases when the shear rate
increases (Figure 12), demonstrating that all the homogeneous emulsions obtained are of
the non-Newtonian type with pseudo-plastic behavior.
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4. Comparison of Results

In delving deeper into the intricacies of the formulation processes, it becomes evident
that the stepwise approach stands out as the more favorable method, showcasing height-
ened viscosities and extended stability for multiple W/O/W emulsions compared to the
direct process. The nuances between these methods encompass surfactant concentration
differentials, the mode of phase introduction, and the vigor and duration of agitation. These
pivotal factors play a direct role in shaping the nature, structure, and rheological properties
of the emulsions.

Furthermore, the strategic placement of each surfactant within its designated phase,
coupled with the sequence of introducing aqueous and oily phases, emerges as a critical
determinant of globule size and overall emulsion stability. Notably, emulsions crafted
with each emulsifier meticulously added to its respective phase yield finer globules with
a more uniform distribution, a notable improvement over those generated through the
uniform emulsifier addition in the same phase (direct process). The intensity and duration
of agitation further dictate emulsion stability, with disparities in liquid velocities favoring
droplet rupture in the direct process.

In summation, the stepwise process emerges as the more judicious choice in compari-
son to the direct process. Additionally, the stability of multiple emulsions is significantly
influenced by the presence of polysaccharides, with xanthan gum displaying noteworthy
and superior stability in contrast to pectin. Emulsions with meager xanthan gum content
(0.5%) exhibit stability for an impressive period of almost 2 months at varying storage tem-
peratures. Conversely, those laden with a substantial amount of pectin (2.75%) demonstrate
instability within a mere 3 days.

5. Conclusions

In the pharmaceutical sector, double emulsions hold significant promise, particularly
due to their unique ability, similar to liposomes and unlike microparticles, to transport
hydrophilic active ingredients within their internal aqueous compartments.

The research findings underscore that multiple emulsions with lower concentrations of
xanthan exhibit superior stability compared to those formulated with higher concentrations
of pectin. Despite the inherent instability associated with multiple emulsions, the primary
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objective of this study is to formulate stable W/O/W type multiple emulsions with xanthan
gum, showcasing stability for over two months. Characterization methods encompass
physico-chemical studies, viscosity assessments, and microscopic analyses. The evaluation
of stability at various storage temperatures indicates that optimal stability, characterized by
the absence of instability phenomena, is achieved during cold storage.

The successful development of stable multiple emulsions with xanthan gum under-
scores a direct influence of biopolymer concentration on emulsion stability.

Highlights: Stable multiple emulsions formulated with xanthan gum/pectin using a
direct process were developed

- Stable multiple emulsions formulated with xanthan gum/pectin using process-by-step
were developed.

- Emulsions containing xanthan gum present viscoelastic properties higher than pectin.
- The stepwise process is the most suitable compared to that of the direct process.
- The stability obtained by xanthan gum is significant and better compared to that

obtained once pectin is used.
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